ApoH-coated enzyme-linked immunosorbent assay plates can be used to capture and concentrate the virus from complex biological mixtures, such as serum and urine, allowing it to be detected by both immunological and molecular approaches. In addition, we report that ANDV-antigens and infectious virus are shed in urine of HCPS patients.
Hantaviruses are segmented RNA viruses belonging to the genus Hantavirus in the family Bunyaviridae (43) . Hantaviral genomes are tripartite, consisting of three different singlestranded RNA segments, designated large (L), medium (M), and small (S), that are packed into helical nucleocapsids (39, 42) . These segments encode the RNA polymerase, a glycoprotein precursor that is cotranslationally processed to yield two envelope glycoproteins (Gc and Gn) and a nucleocapsid (N) protein. Hantaviruses are maintained in various rodent reservoirs, in which the hosts are persistently infected but lack disease symptoms (28, 32) . Virus transmission to humans does not require direct human-to-rodent contact. Instead, human hantaviral infections are acquired by the respiratory route, most commonly through inhalation of virus-contaminated aerosol particles of rodent excreta (feces, saliva, or urine). Hantaviruses are known to cause two serious and often fatal human diseases, hemorrhagic fever with renal syndrome and hantavirus cardiopulmonary syndrome (HCPS) (19, 31) . Of the two diseases, HCPS is more severe, with a mortality rate of approximately 40% (19) . Hemorrhagic fever with renal syndrome is a mild-to-severe disease characterized by the development of an acute influenza-like febrile illness that may lead to hemorrhagic manifestations, and renal failure is caused by pathogenic Old World hantaviruses, which include Seoul, Hantaan, Dobrava, Tula, and Puumala viruses (28, 32, 42) . The New World hantaviruses are responsible for HCPS, which is characterized by a febrile phase (prodrome) and pulmonary infection, cardiac depression, and hematologic manifestations (18, 31) . HCPS pathogenesis generally includes capillary leak syndrome, which selectively involves the pulmonary bed, noncardiogenic pulmonary edema, thrombocytopenia, hypotension, and/or cardiogenic shock (19, 31) . The pathogenesis of HCPS, like that of many other viral hemorrhagic fevers, is poorly understood. However, the long incubation period for illness, the generally well-advanced adaptive immune response at the time of onset of the disease, and the apparent absence of direct lytic damage to vascular endothelium, all characteristics shared with other hemorrhagic fevers, are among the findings that strongly suggest that HCPS pathogenesis is largely immune mediated (22, 27) . The lack of an FDA-approved vaccine for HCPS, the absence of specific antiviral drugs or immunotherapeutic agents, and the high overall mortality rate for hantavirus infection highlight the medical significance of New World hantavirus (5, 8, 19, 28, 32) .
Survival rates for patients with hantaviral infection hinge largely on early virus recognition and hospital admission and aggressive pulmonary and hemodynamic support (19, 31) . The diagnosis, clinical course, and supportive care of patients with New World hantaviral infections have recently been reviewed (19, 31) . Unfortunately, early diagnosis of New World hantaviral infections is complex, as the prodrome leading to acute cardiopulmonary deterioration in HCPS can be confused with febrile phases produced by, for example, mycoplasmas and chlamydophilial infections (52) . Human apolipoprotein H (ApoH), also known as beta 2-glycoprotein I, is a constituent of human plasma (0.2 mg/ml) notorious for binding to negatively charged surfaces (3, 7, 14, 17, 44, 45) . Several reports show that ApoH also interacts with viral proteins, such as the hepatitis B virus (HBV) antigen and proteins p18, p26, and gp160 of the human immunodeficiency virus (12, 30, 46, 47) . Interestingly, studies involving binding to the HBV antigen suggest that ApoH specifically binds DNAcontaining HBV particles, thus discriminating, through an undefined mechanism, between active replicating virus and empty noninfectious particles (47) . These findings prompted us to assess a possible interaction between ApoH and Andes virus (ANDV), which is the major etiological agent of HCPS in South America and is unique among hantaviruses in its reported ability to be transmitted from person to person (19, 29, 34) . The mechanism of person-to-person dissemination of ANDV remains to be elucidated, yet it is likely that personto-person transmission of ANDV could be explained by mechanisms similar to those described for rodent-to-rodent and rodent-to-human transmission. If so, a compulsory condition for ANDV dissemination among humans is that the infected host must shed the pathogen in, for example, urine.
In this study, we show that when fixed to a solid matrix, ApoH can be used to capture and concentrate ANDV from complex biological samples, including serum and urine, allowing virus detection by both immunological and molecular approaches. Furthermore, we took advantage of the ApoH-ANDV interaction to develop a high-throughput screening assay and show for the first time ANDV-antigen shedding in the urine of patients with acute HCPS. We also report the presence of infectious viral particles in the urine of two patients with HCPS.
MATERIALS AND METHODS

Virus and cells.
ANDV strain CHI-7913 was propagated in Vero E6 cells (Vero C1008; ATCC CRL 156) as previously described (11) . Cells were maintained in Eagle's minimal essential medium with Earle's salts containing 10% fetal bovine serum, 10 mM HEPES (pH 7.4), and antibiotics (penicillin [100 U/ml], streptomycin [100 g/ml], and gentamicin sulfate [50 g/ml]) at 37°C in a 5% CO 2 incubator.
Patients and controls. Serum and urine samples from patients with acute HCPS were selected on the basis of their availability in the laboratory. Samples had been collected as part of the research initiative "Hantavirus ecology and disease in Chile," directed by G. Mertz, and were kindly supplied for this study. Donor patients met the clinical criteria for acute HCPS (Ministry of Health of Chile; http://www.minsal.cl) and harbored immunoglobulin M (IgM) antibodies reactive with hantavirus antigens, as described by Ferres et al. (10) . Peripheral blood was collected in Vacutainer serum tubes (Becton Dickinson) or EDTAcontaining Vacutainer tubes (Becton Dickinson) for the recovery of serum or plasma, respectively. Serum and plasma samples were stored at Ϫ80°C until use. All samples used in this study were collected between 2000 and 2002. Some patients were characterized as having infections from household contact; thus, their initial samples were negative in both molecular and serological ANDV analyses. However, all patients in the study had confirmed cases of HCPS.
ANDV-reactive antibodies were identified through an IgM capture enzymelinked immunosorbent assay (ELISA) performed with human sera by using inactivated Laguna Negra virus, which was kindly provided by T. Ksiazek from the CDC (Atlanta, GA), by following well-established protocols (25) . The presence of ANDV genomic RNA in plasma was confirmed by reverse transcription-PCR (RT-PCR) following a protocol established in-house (see below). Urine was collected in urine collection cups (Deltalab, Barcelona, Spain) and stored at Ϫ80°C until use. Participants in this study completed a written consent form approved by two independent Chilean ethical committees from both medical institutions responsible for sample collection, namely, the Clínica Alemana de Chile and the Pontificia Universidad Católica de Chile University Hospital ethical review boards, before donating biological samples.
Extraction and analysis of RNA. Total RNA was extracted using a High Pure viral nucleic acid kit (Roche Molecular Biochemicals) following the manufacture's protocol and amplified by RT-PCR/heminested PCR as previously described (10) . In brief, the method uses primers designed to partially encompass the S segment open reading frame (forward primer S, nucleotides [nt] 49 to 69; reverse primer R, nt 1107 to 1129; and reverse primer A, nt 262 to 283) of the ANDV strain CHI-7913 (GenBank accession no. AY228237) (10) . Amplicons were analyzed by gel electrophoresis. Fragments of the expected sizes were recovered from the gels and sequenced, confirming the amplification of the ANDV genome. A real-time-based method was used for the quantification of ex vivo-cultured ANDV genomes, by following previously established protocols (10) . Variations were introduced into the described protocols to fit the equipment present in the laboratory. Real-time PCR was performed using a MX3000 instrument (Stratagene) using Brilliant II quantitative RT-PCR (QRT-PCR) reagents (Stratagene) by following the manufacturer's guidelines. The specificity of the amplicons was confirmed by melting point analysis and by sequencing. When indicated in the text and legend to Fig. 4 , a direct RT-PCR (SuperScript III One-Step RT-PCR system with Platinum Taq High Fidelity; Invitrogen) using the forward primer F-HantaS (5Ј-ACACGAACAACAGCTCGTGAC-3Ј) and the reverse primer R-HantaR (5Ј-AGGCTCAAGCCCTGTTGGATC-3Ј), targeting the nucleocapsid coding region (S genomic RNA), was used by following the manufacturer's protocol.
ApoH-coated magnetic beads and ApoH-coated ELISA plates. ApoH was purified from human plasma albumin solutions as previously described (46) and used to coat magnetic beads (Merck Chimie S.A.S., Paris, France) and ELISA plates (96-well flat-bottom microplates). ApoH-coated magnetic beads and plates used in this study were supplied by ApoH Technologies S.A. (Villeneuve Saint Georges, France). Beads were equilibrated in phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 ⅐ 7H 2 O, 1.4 mM KH 2 PO 4 [pH 7.4]) before use, and 10 l of a 50% bead slurry in PBS was used for each 1.5 ml of serum or urine. After a 2-h incubation period at 37°C with constant gentle rolling for the single-sample assays, beads were recovered using a Mag-neShere Technology magnetic separation stand (Promega), and multiple samples were simultaneously isolated by using a Dynal MPC-S (Dynal Biotech; Invitrogen). After being washed three times with PBS, the beads were directly resuspended in RNA extraction buffer (High Pure viral nucleic acid kit; Roche), and RNA was extracted according to the manufacturer's protocols. Urine samples (100 l) were directly added to each well of the ApoH-coated ELISA plates, which were incubated at 37°C for 1 h. The supernatant was discarded, and the wells were washed with PBS-0.1% Tween 20 (PBST), blocked with PBST containing 5% nonfat dry milk, and incubated with serum from a Chilean HCPS patient (1:200; patient number 08S), or anti-ANDV glycoprotein monoclonal antibodies (1:1,000) against GcA and GcB (see below) for 1 h at 37°C in a humidified chamber. Subsequently, the plate was washed and incubated with goat anti-human IgG horseradish peroxidase (HRP)-conjugated antibody (1: 4,000; Chemicon) or a mixture of goat anti-rat HRP-and goat anti-Peromyscus leucopus IgG HRP-conjugated antibodies (1:2,500; KPL Laboratories, MD) for 1 h, washed with PBST, and developed using a 2,2Ј-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) peroxidase substrate system (KPL laboratories, MD). Data are expressed as optical densities (OD) (A 405 Ϫ A 630 ).
SIA. IgM and IgG antibodies against ANDV were detected in serum samples using a strip immunoblot assay (SIA) vacuum blot test as previously described (18) . Affinity-purified recombinant ANDV and Seoul N antigen, kindly provided by B. Hjelle (University of New Mexico, Albuquerque, NM), were suctioned onto a wetted nitrocellulose membrane under a vacuum. As internal controls, two levels (level I, the low control; level II, the high control) of human IgG were applied to the blot. The membrane was cut lengthwise with a paper shredder into 3-mm strips, and each strip was placed into a well in a Western blot tray containing 1 ml of milk-PBST buffer and 5 l of patient serum. The membranes were rocked gently overnight at 4°C. The strips were washed three times with PBST, and 1:1,000 dilutions of goat anti-human IgM or IgG alkaline phos-VOL. 83, 2009 ANDES VIRUS ANTIGENS IN URINE 5047 phatase-conjugated antibodies (KPL Laboratories, MD) were applied; the strips were then subjected to gentle rocking for 1 h at room temperature. The blot was developed according to the 5-bromo-4-chloro-3-indolyl phosphate-nitroblue tetrazolium protocol (5-bromo-4-chloro-3-indolylphosphate [BCIP]/Nitro Blue tetrazolium chloride; KPL Laboratories, MD). Development of monoclonal antibodies against ANDV Gc glycoprotein. The coding regions for the ANDV Gc glycoprotein amino (N)-and carboxyl (C)terminal fragment were recovered from the cDNA clone of ANDV strain CHI-7913 (GenBank accession no. AY228238) by PCR amplification using primers 5Ј-GAAGGTCGACAAATGGCCGCAAGTGCAGAGACTCCA-3Ј and 5Ј-CA GTCTCGACCTAGCACCATTGTTTAAGGATGAC-3Ј to recover the N-terminal coding region (amino acids 647 to 866; GcA) and primers 5Ј-ATCCGTC GACTAATGCCATCTGTGAAGGTTTGTATA-3Ј and 5Ј-AGGACTCGAGG CGGCCGCTTAGACAGTTTTCTTGTGCCC-3Ј for the C-terminal region (amino acids 829 to 1138; GcB) (49) . Escherichia coli BL21 cells were then transformed with plasmids pET32(a)/GcA and pET32(a)/GcB, which were generated by cloning of the PCR amplification products GcA and GcB into vector pET32(a) (Novagen; Merck Biosciences). After a 3-h induction period, using 1 mM isopropyl ␤-D-thiogalagtopyranoside, the thioredoxin 1 (Trx1)-GcA and -GcB fused proteins were purified from the cell lysates with nickel-nitriloacetate agarose beads as specified by the manufacturer (Qiagen, Germany) and used to generate monoclonal antibodies as previously described (23) . With this procedure, two monoclonal antibodies, 2H4/F6 anti-GcA and 6C5/D12 anti-GcB, were generated. The specificities of 2H4/F6 anti-GcA and 6C5/D12 anti-GcB were assessed by ELISAs evaluating their reactivity toward recombinant GcA and GcB proteins, respectively. Both antibodies showed no reactivity to the Trx1 protein.
Vero E6 cell infection with ANDV. ApoH-coated ELISA plates (96 wells) were incubated with 50 l per well of either supernatants of Vero E6 (negative control), supernatants of Vero E6 infected with ANDV-CHI-7913 (positive control), or urine samples (frozen between 2000 and 2002) from patients with ANDV-associated HCPS for 1 h at 37°C. Two wells were used for each sample. Cell supernatants or urine were then aspirated, and the wells were washed three times with 1ϫ PBS. Fresh Vero E6 cells were seeded at 1 ϫ 10 5 cells/well directly over each ApoH-coated well, and the wells were incubated overnight. Vero E6 cells were removed and seeded onto 24-well plates. After 1 week, the cells were trypsinized, recovered, and seeded into a T25 culture flask for virus propagation. All ANDV isolation and propagation studies were conducted in a biosafety level 3 facility.
ANDV nucleocapsid protein detection by indirect IF assay. The immunofluorescence (IF) assay was performed with 1 ϫ 10 5 cells. Following a cytospin (Mikro 22; Hettich) for 7 min at 1,100 rpm, the cells were fixed for 30 min at Ϫ20°C in a mixture of acetone and methanol (1:1 [vol/vol]). The cells were blocked for 30 min at room temperature in PBS containing 1% bovine serum albumin. After being washed three times, the slides were incubated at 37°C for 30 min in a humidified box with the anti-ANDV nucleocapsid antibody (1:500) (50) . Slides were incubated at 37°C for 30 min in a humidified box with antimouse antibody conjugated with fluorescein isothiocyanate (1:200) . Staining with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) was performed for 7 min at room temperature (1 g/ml final concentration). Slides were mounted (mounting fluid; Diagnostic Hybrids, Athens, OH) prior to analysis. Photographs were taken using a high-resolution IEEE 1394 FireWireTM digital charge-coupled-device color camera with high-speed real-time viewing and a MicroPublisher 3.3 RTV camera in conjunction with an Olympus microscope at 40ϫ and digitally analyzed using QCapture PRO 6 software (QImaging, Surrey, British Columbia, Canada).
RESULTS
Hantavirus interacts with human ApoH, allowing for virus concentration.
The discovery that ApoH interacts with viral proteins and that this binding property could be useful in the capture of infectious viruses (47) prompted us to undertake studies to determine if human ApoH binds ANDV. We reasoned that a valid approach to assess a putative interaction between ApoH and ANDV would be through an in vitro capture assay using the ApoH protein fixed to a solid matrix as bait. Latex beads coated with a magnetic pigment were chosen as the solid matrix, while supernatants from ANDV strain CHI-7913-infected Vero E6 cells were used as the source of virus in spiking assays (11) . Infected-cell supernatants containing known amounts of ANDV genomic equivalents (ranging from 2 ϫ 10 4 to 1 ϫ 10 5 , as estimated by QRT-PCR) (10) were diluted in different volumes of PBS. A fixed volume of 10 l of a 50% slurry of ApoH-coated magnetic beads was added to each mixture. The beads were recovered and washed, and the RNA from viruses associated with the beads was isolated. The ANDV-RNA associated with the beads was quantified by realtime RT-PCR (10), and the percentages of recovery from three independent experiments conducted using independent sources of virus (different cultures) are summarized in Table 1 . Under the experimental conditions used, ApoH-coated magnetic beads allowed for the concentration of ANDV from a mixture of PBS and virus-containing Vero E6 culture medium.
We next sought to determine if ApoH-coated beads could be used to isolate ANDV when serum samples from patients with acute HCPS were used as the source of virus. Preliminary studies of ANDV infections suggest that plasma and serum viral loads are too often below the limit of detection of the assay to be useful in the prediction of disease severity (53) . However, we speculated that if ApoH interacts with ANDV as efficiently as has been reported for HBV (47) , and if serum components did not interfere with ApoH-virus binding, ApoHcoated magnetic beads would be capable of capturing ANDV even when present in a complex biological mixture. To test this possibility, we compared results of the standard RT-PCR/ heminested PCR assay used for ANDV detection (10) with and without the incorporation of a virus concentration step by ApoH. Results (Fig. 1) show that ApoH-coated magnetic beads capture ANDV, permitting virus concentration. Out of 10 serum samples tested, results from 2 samples, those from patient 1 (S1) and from patient 2 (S2), are shown in Fig. 1 . These samples were selected as they highlight the advantages of the ApoH virus capture assay for ANDV detection. In parallel assays, we determined the presence of circulating anti-ANDV antibodies for each patient through a SIA vacuum blot test using affinity-purified recombinant ANDV and Seoul virus N antigen as bait (18) . Patient S1 showed IgM antibodies reactive to hantaviral antigens (Fig. 1A, lane 2) but lacked detectable amounts of anti-hantavirus IgGs (Fig. 1B, lane 2) , while patient S2 displayed both IgM (Fig. 1A, lane 3) and IgG (Fig. 1B, lane 3) anti-hantavirus antibodies. Unexpectedly, when RNA was extracted from 300 l of serum by means of a High Pure viral nucleic acid kit (Roche) by following the manufacturer's protocol (Fig. 1C, lanes 5 and 8) , both patients came up negative for viral genomic RNA. However, when a step of ANDV capture and concentration from 1.5 ml of serum by ApoH-coated magnetic beads was incorporated into the overall RNA isolation-detection procedure, ANDV genomic RNA was readily detected for both HCPS patients (Fig. 1C,  lanes 6 and 9) . No viral RNA could be detected when uncoated or bovine serum albumin-coated magnetic beads were used as bait with serum samples from HCPS patients (data not shown) or when RNA was extracted from the sera of healthy, noninfected donors (Fig. 1C, lanes 1 and 2) . Thus, we conclude that ANDV binds ApoH and that the incorporation of a captureconcentration step using ApoH-coated magnetic beads to currently used detection protocols improves the sensitivity of virus diagnosis.
ANDV antigens are shed in the urine of HCPS patients. Person-to-person transmission of ANDV has been reported (29, 35, 37, 51) , but the mechanism of person-to-person virus dissemination remains to be elucidated. As hantaviruses are shed in the urine of infected rodents (21, 24, 41) , we speculated that this biological fluid would be a good starting point to document ANDV shedding in infected humans. Additionally, a recent epidemiological study supports this possibility (10) .
As a first approach for the validation of our experimental procedure, supernatants from infected cells containing known amounts of ANDV genomic equivalents (ranging from 2 ϫ 10 4 to 1 ϫ 10 5 as estimated by QRT-PCR) (10) were spiked in different volumes of noninfected urine samples. A fixed volume of 10 l of a 50% slurry of ApoH-coated magnetic beads was added to each mixture. The beads were recovered and washed, and the RNA from viruses associated with the beads was isolated. The ANDV-RNA associated with the beads was quantified by real time RT-PCR, and the percentages of recovery from four independent experiments conducted using independent sources of virus (different cultures) are summarized in Table 1 . ApoH-coated magnetic beads allowed the concentration of ANDV from a mixture of urine and viruscontaining Vero E6 culture medium, confirming an ApoH-ANDV interaction. Although ApoH-coated magnetic beads proved effective for ANDV capture and concentration from serum ( Fig. 1) and was advantageous for testing for virus in urine (Table 1) , the overall procedure proved to be cumbersome and not suitable for the simultaneous screening of a great number of samples. Consequently, we evaluated the feasibility of using ApoH-coated 96-well ELISA plates in an ANDV high-throughput screening assay. Serum from a patient with acute HCPS (08S) with IgG reactive to ANDV antigens ( Fig.  2A) was used as source of the primary antibodies, while a goat anti-human IgG HRP-conjugated antibody was used as a secondary antibody. Urine samples from 41 negative donors were used to establish the assay's cutoff value. The mean OD values (as defined in Materials and Methods) for 20 independent measurements using PBS (mean OD, 0.039 Ϯ 0.011) or ANDV-negative urine samples (mean OD, 0.074 Ϯ 0.024) was calculated. The cutoff for this screening procedure was established as the mean OD value obtained for the ANDV-negative donors plus three standard deviations (0.146) (Fig. 2B ). Urine samples from 52 patients with acute ANDV HCPS (arbitrarily called S3 to S54), collected on different days (1 through 5) following their hospitalizations, were screened for ANDV antigens. For summaries of the row data, see Table S1 in the supplemental material (all patients tested) and Fig. 2B (only patients with a complete, 5-day series of data). When the experimental cutoff was established as the mean OD value obtained for the ANDV-negative donors plus three standard deviations (Fig. 2B) , only 2 patients out of 52, namely, S20 and S22 (see Table S1 in the supplemental material; highlighted by asterisks), showed no sign of antigen shedding at any time posthospitalization (days 1 through 5). When the cutoff value was set as the mean OD value for ADNV-negative donors plus six standard deviations (0.218) (Fig. 2B) , only three additional patients, S6, S41, and S52 (see Table S1 in the supplemental material; highlighted by double asterisks), showed no sign of antigen shedding at any time posthospitalization. Therefore, even with a stringent cutoff value (six standard deviations), 47 out of 52 HCPS patients tested positive for shedding ANDV antigens in urine on at least 1 day during the sample collection period (see Table S1 in the supplemental material) (Fig. 2B) . Unexpectedly, the kinetics of antigen shedding fluctuated in all 47 patients who tested positive, hindering the establishment of a general pattern to describe the presence of viral antigens in urine (see Table S1 in the supplemental material) (Fig. 2B) . Moreover, as this study was developed using previously collected frozen urine samples (from the years 2000 to 2002), we were unable to ascertain the exact day of infection and therefore were incapable of correlating our observations with the natural history of the ANDV infectious cycle. A correlation between the virus titer in serum (genomes/milliliter) and the presence of viral antigen in urine could not be established (data not shown), suggesting an unexplained complexity in antigen excretion in the urine of HCPS-infected individuals.
Detection of ANDV antigens in urine samples from HCPS patients by using anti-hantavirus monoclonal antibodies.
The preceding experiments relied on serum from a patient with acute HCPS (08S) as the source of the primary anti-ANDV antibodies (Fig. 2) . Selection of the serum to be used as the hantavirus antibody source was not a minor issue, as circulating ApoH antibodies have been identified in the sera of patients with different infectious conditions (6, 9, 13, 16, 20, 55) . Based on these observations, we next sought to challenge our findings by using monoclonal antibodies developed against the ANDV Gc glycoprotein, a protein found at the surface of the viral particle. For this purpose, two anti-ANDV Gc glycoprotein monoclonal antibodies, 2H4/F6 (anti-GcA) and 6C5/D12 (anti-GcB), were developed (Materials and Methods). Due to the limited amount of biological material, only four urine samples, from patients S46 (day 4), S12 (day 4), S33 (day 5), and S4 (day 1), were available for these additional tests. Each sample was evaluated with both antibodies (2H4/F6 and 6C5/D12), and each assay was conducted in triplicate for both 2H4/F6 and 6C5/D12. As before, the cutoff for this screening procedure using 2H4/F6 (anti-GcA) and 6C5/D12 (anti-GcB) monoclonal antibodies was established as the mean OD value obtained for the hantavirus-negative donors plus three or six standard deviations ( Fig. 3; 0 .069 or 0.094, respectively). In order to allow a direct comparison of the data, the final cutoff value was the highest value obtained considering both monoclonal antibodies. As shown in Fig. 3A , data were generated with each of the two antibody clusters, stressing the reproducibility of the developed assay. However, compared to serum 08S (Fig. 2B) , the overall absorbance obtained with 2H4/F6 and 6C5/D12 was low, as were the antibody background levels (compare cutoff values for serum 08S and monoclonal antibodies), an observation most probably related to the use of polyclonal (08S) versus monoclonal (2H4/F6 and 6C5/D12) antibodies as shown in Fig.  2 versus Fig. 3 , respectively. Next, we sought to evaluate ANDV antigen shedding in urine by using the 2H4/F6 and 6C5/D12 monoclonal antibodies. For these assays, urine samples (day 1 through 5) from three patients, S12, S19, and S29 were used. The selection of patients was strictly related to urine sample availability. As expected from earlier experiments (Fig. 3A) , compared to serum 08S (Fig. 2B) , the read absorbance and cutoff values with both monoclonal antibodies was low, yet the overall trend obtained (day 1 through 5) using 2H4/F6 and 6C5/D12 was comparable to that seen for 08S ( Fig.  2B and Fig. 3B ). In consequence, and based on these observations, we conclude that our previous data are reliable and extend our observations by asserting that glycoproteins of at least ANDV are shed in urine of HCPS patients.
ANDV shed in urine samples of HCPS patients can be infectious. We next sought to determine if ApoH-captured ANDV was to some degree infectious. In these experiments, urine samples (for 5 days) from 13 patients, S4, S5, S7, S9, S12, S13, S26, S29, S34, S36, S45, S53, and S54, selected based on availability and virus antigen concentration within the sample (see Table S1 in the supplemental material) (Fig. 2B) , were overlaid onto ApoH-coated 96-well ELISA plates. Upon ApoH virus capture, the urine was discarded, wells were washed, and Vero E6 cells were directly overlaid onto the wells, and the plates were incubated overnight as described in Materials and Methods. Cells were recovered and kept in culture. Infected Vero E6 cells were periodically (days 8, 16 , and 22 postinfection) tested for the presence of ANDV nucleocapsid protein by IF assay. At day 16 postinfection, ANDV-positive Vero E6 cells could be readily identified in two cultures, namely, S53 (day 4) and S54 (day 3), by indirect IF using a primary antibody that targets the viral nucleocapsid protein (Fig. 4A) (50) . IF for the ANDV nucleocapsid protein also showed a positive result for Vero E6 cultures infected with samples S53 (day 4) and S54 (day 3) on day 22 postinfection (data not shown). New ANDV-positive Vero E6 cell cultures that originated from other urine samples were not identified at this later stage. To further confirm the presence of ANDV in S53 (day 4)-and S54 (day 3)-infected Vero E6 cells and their respective supernatants, total RNA was extracted from both (18) . As internal controls, two levels (ϩ1 and ϩ 3) of human IgG were applied to the blot. Sera from a negative donor (Ϫ) and of a different HCPS-positive patient (ϩ) were used as controls. Coomassie blue (CB) was used to determine the orientation of the strip. (B) ApoH-coated 96-well ELISA plates were used to screen for the presence of ANDV in urine. Serum 08S was used as source of the primary antibodies. The estimated cutoffs for three standard deviations (3SD) and six standard deviations (6SD) are indicated. Urine samples from 50 patients with confirmed acute ANDV-HCPS were collected on different days following hospitalization (1 through 5) and screened for virus.
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ANDES VIRUS ANTIGENS IN URINE 5051 compartments and used as the template in a direct one-step RT-PCR assay targeting the nucleoprotein coding region (genomic S RNA). Supporting our IF data, the presence of ANDV genomic RNA was confirmed for the cells (Fig. 4B , lanes 3 and 5) and their culture supernatants (Fig. 4B , lanes 4 and 6), suggesting active virus replication. Consequently, based on our observations, we conclude that ANDV-infected patients can shed infectious virus in urine.
DISCUSSION
The development of fast, sensitive, and reliable diagnostics is a key element in the control of emergent pathogens, such as hantavirus. Diagnosis of hantavirus is currently based on clinical and serological findings (25, 26, 36) . Detection of hantavirus-specific IgM using recombinant N in an ELISA format is the most widely used test for diagnosing acute-phase hantaviral infections (26, 36) . Direct viral detection by molecular techniques involving amplification of viral RNA by RT-PCR have been increasingly used; however, since the viremia in the acute phase of the disease is of relatively short duration, direct amplification is not a widely used technique and does not yet replace serology for diagnosis (48) . One of the main issues concerning direct pathogen detection in clinical and environmental samples by molecular techniques is the generation of false-negative results. This problem is due partly to low pathogen concentrations in the biological samples normally available for these diagnostic assays and partly to the presence, in these samples, of inhibitors of nucleic acid amplification (1, 2) . In this complex scenario, the use of an ApoH-based capture assay showed itself to be advantageous. Results indicate that when fixed to a solid matrix, ApoH can be used to capture and concentrate ANDV even when the virus present in complex biological mixtures, such as serum and urine, allowing detection of the virus by both direct immunological and molecular methods ( Fig. 1 to 3) . As shown in Fig. 1C , the ApoH capture assay increases the sensitivity of virus detection by a RT-PCR/ heminested PCR (compare lanes 5 and 6 and lanes 8 and 9). This apparent enhancement in sensitivity most probably stems from the fact that virus is being concentrated from a larger sample volume (1.5 ml instead of 300 l). Thus, even though the virus is present at only a low concentration, sufficient virus is pulled down to exceed the lower detection limit of the molecular method employed. Additionally, it is possible that inhibitors of RT-PCR, known to be present in complex biological samples, are washed out during the capture procedure. Either possibility highlights the potential utility of ApoH-ANDV interaction for the development of novel molecular approaches for virus detection.
Person-to-person transmission of HCPS in North America has never been documented, and contact with hantavirus-infected rodents remains the primary source of human exposure. However, in South America, sporadic person-to-person transmissions of ANDV have been reported (10, 29, 35, 37, 51) . To date, the mechanism of virus dissemination in person-to-person-transmitted cases of HCPS remains obscure. Nevertheless, virus shedding by infected individuals is a sine qua non condition for person-to-person virus transmission. Consequently, our study helps shed some light on this issue by providing original observations which suggest that ANDV-infected individuals may shed infectious virus. We document the presence of ADNV antigens (see Table S1 in the supplemental material; polyclonal serum) ( Fig. 2) and Gc glycoprotein (Fig. 3, mono Table S1 in the supplemental material) (Fig. 2B) . Unexpectedly, our data show that ANDV antigen excretion in HCPS patients is not constant though time. Although puzzling, this observation is not without precedent, as earlier studies report that in both experimentally inoculated and wild-caught Seoul virus-infected rats (4, 54), experimentally inoculated Puumala-infected bank voles (15) , wild-caught Sin Nombre virus-infected deer mice (40) , and wild-caught ANDV-infected rodents (33) , virus shedding in the urine and saliva follows fluctuating kinetics. These observa- Fig. 2B , but using anti-ANDV glycoprotein monoclonal antibodies 2H4/F6 (GcA) or 6C5/D12 (GcB). Each assay is presented in triplicate [designated (1) to (3) ]. The estimated cutoffs for three standard deviations (3SD) and six standard deviations (6SD) are indicated. (B) Urine samples from patients S12, S19, and S29, collected on different days following hospitalization (1 through 5), were screened for ANDV using monoclonal antibodies 2H4/F6 (GcA) and 6C5/D12 (GcB). The estimated cutoffs for three and six standard deviations are indicated.
tions suggest that variations in antigen/virus concentrations in the urine of infected rodents (4, 15, 40, 54) and humans (Fig.  2B ) may be a normal feature of the still ill-understood mechanism of virus dissemination.
Hantaviruses have been very difficult to isolate from human sources despite many attempts to do so (53) . To date, there is only one report describing a human hantavirus isolate (ANDV isolate CHI-7913) in the Americas (11) . In this case, ANDV CHI-7913 was isolated from a serum sample from a seropositive Chilean HCPS patient (11) . Here, we show that ApoH captured infectious virus from the urine of patients with acute HCPS (2 of 65 samples tested). ANDV nucleocapsid protein was promptly identified in infected VeroE6 cells by indirect IF (Fig. 4A) , and the presence of viral genome in both infected cells and their supernatants was confirmed by a direct RT-PCR (Fig. 4B) , strongly implying active virus replication. Although the success rate was low (2 of 65), our observations suggest that urine might harbor minor quantities of infectious ANDV and strongly suggest that urine is a plausible source of infectious viral particles. Even though our data raise a number of concerns with respect to ANDV transmission, they should be regarded with caution, as sequencing of the S segment revealed that both urine isolates were identical to the published sequence for ANDV isolate CHI-7913 (GenBank accession no. AY228237). The exact meaning of this observation is still not clear.
It should be stressed that our study remains qualitative and does not describe the absolute amount of antigens or infectious viral particles shed in urine. In light of the tantalizing insight into ANDV transmission that the present data provide, quantitative measurements of genomic RNA content, quantitative assessments of virus infectivity, and a full characterization of ANDV infectivity will be addressed in future studies.
In summary, we demonstrate that ApoH binds ANDV and can be used to capture the virus from complex biological mixtures. Using the ApoH capture assay, we show that ANDV antigens are found in urine samples of 47 out of 52 tested patients with acute HCPS. Moreover, we show that infectious ANDV, albeit in very low concentrations, was found in the urine samples from two patients. Together, these data not only lend support to the possibility that during human infection ANDV might be shed in urine but also raise the intriguing prospect that infectious virus might be present in other biological secretions. Interestingly, other members of the New World Hantavirus group, such as Sin Nombre virus, which do not show person-to-person transmission, are not shed in urine, and infectious virus is not found in other biological specimens, such as tracheal aspirate (53) . Therefore, the ability of infectious ANDV to be shed in biological fluid might represent a unique mechanism that confers to this virus the ability to be transmitted from person to person.
